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SIMULATION OF MID-INFRARED TRANSMISSION LOSSES 
IN SEMICONDUCTOR-CORE OPTICAL FIBERS  
YASHANSHU GAUTAM 
ABSTRACT 
The mid-infrared (IR) region of electromagnetic spectrum (2-15 𝜇𝑚) has numerous 
applications, ranging from chemical & thermal sensing to medical surgery. 
Current IR fiber technology, that uses chalcogenides, halides, among other 
materials, has its shortcomings. Semiconductor materials like germanium (Ge) and 
silicon (Si) have exceptional properties like tunable band-gap, high refractive 
index & low extinction coefficients and low Rayleigh scattering due to highly 
crystalline structure, making them excellent materials for IR optical fibers and 
other IR based devices. Optical fibers fabricated with Ge-Si alloy cores are still in 
their nascent phase and this research aims to provide a detailed theoretical study 
of transmission losses in such fibers. 
 
Using Electromagnetic Finite Element Analysis (FEA) through COMSOL software, 
IR transmission through semiconductor core optical fibers was successfully 
modeled and simulated. The study focused on identifying the optimal geometry 
and operating wavelengths for pure semiconductor (Ge and Si) core fibers, Ge-Si 
alloy Step Index (SI) core fibers, as well as Graded Refractive Index (GRIN) Ge-Si 
alloy core fibers. Using optical waveguide theory, and available wavelength 
dependent attenuation values in the literature, properties like transmission losses 
and EM modal parameters were simulated for Ge core fibers and Ge core covered 
  vii 
with ZnSe (thin ring) fibers. These predictions were in excellent agreement with 
published literature values, thereby validating the simulation methodology.  
 
This methodology was then applied to Ge-Si alloy core fibers with SI and GRIN 
structures, with properties such as refractive index and extinction coefficients 
calculated using techniques like the Kramers-Kronig relationships. Fiber 
properties such as attenuation, electric & magnetic fields, optical power flow and 
other important parameters, were investigated as function of wavelength of the IR 
light, fiber geometry, and composition profile of the Ge-Si alloy fiber core, to assess 
the optimum fiber design for each type of core. The simulation results showed that 
GRIN Ge-Si alloy fibers were the best solution, due to their low losses, low 
dispersion of EM signals and better optical power confinement over a wide 
spectral range. 
 
 
 
  
  viii 
Table of Contents 
1. Introduction to Optical Fibers…………………………………………….…………1 
1.1 History…………………………………………………………………….……... 1 
      1.2 Optical Waveguide Theory…………………………………………………… ..1 
            1.2.1 Ray Optics Analysis………………………………………………..……. ..1 
            1.2.2 Wave Optics Analysis………………………………………………..…. ..3 
2.  IR Fiber…………….…………………………………………………………..…….12 
     2.1 Applications…………………………………………………………..….….… ..12 
     2.2 Current IR Fiber technology……………………………………..………..…. ..15 
           2.2.1 Types………………………………………………………………….…....15 
           2.2.2 Limitations……………………………………………………….…..…… 15 
    2.3 Attenuation sources and their mechanisms………………………….….…… 16 
          2.3.1 Intrinsic Scattering Losses……………………………………………….. 17 
          2.3.2 Scattering Loss Due to Structural Imperfection……………..…….…. ..20 
          2.3.3 Impurity Absorption…………………………………………………….. 20 
          2.3.4 Absorption by Dielectric Dispersion………………………………..….. 22 
          2.3.5 Electronic Absorption………………………………………….……..….. 24 
          2.3.6 Phonon Absorption………………………………………………………. 26 
3. Group IV Materials for IR fiber………………………………………..….………. 27 
     3.1 Advantages and Applications……………………………………..……….. …27 
     3.2 Manufacturing methods…………………………………………..…..……. …28 
     3.3 Material Properties………………………………………………………..… …29 
           3.3.1 Thermodynamics and Kinetics Modeling……………………….…. ….29 
  ix 
           3.3.2 Electronic and Optical Properties…………………………………… ….30 
     3.4 Current Research in Group IV materials IR Fibers………………….…… …34 
        3.4.1 Complications and their Causes…………………………………..…. …34 
        3.4.2 Optimization Suggestions……………………………………….….……34 
4 Electromagnetic Finite Element Analysis…………………….…….……………36 
   4.1 Basics………………………………………………………………..….………. 36 
   4.2 COMSOL and Simulation Setup…………………………………….…….… 40 
5. Model Validation…………………………………………………………………. 42 
    5.1 Literature Data………………………………………………………..………. 42 
    5.2 Replication and Explanation of Results…………………………….……. …44 
6. Ge, Si and Ge-Si Alloy fibers…………………………………….………….… …49  
    6.1 Analysis of Ge-Si alloy…………………………………………..…..…….. …49 
    6.2 Ge Core Fiber…………………………………………………….…………. …56 
    6.3 Si Core fiber…………………………………………………………….………63 
7. Modeling and Simulation of Alloy Fibers………………………….………… ...66 
    7.1 Step Index model………………………………………………….……..…… 66 
          7.1.1 Structure………………………………………………..……..……..….. 66 
          7.1.2 Attenuation variation with Wavelength…………….………………...68 
          7.1.3 Geometry Optimization……………………………………….….….. ..69 
          7.1.4 Appended Results………………………………………..…………… ..70 
          7.1.5 Explanation of Results……………………………………..…..…..…. ..73 
    7.2 GRIN Model…………………………………………………..………..…… ..74 
        7.2.1 Structure………………………………………………….…..……..… ..74 
  x 
        7.2.2 Attenuation variation with Wavelength…………………..……….…76 
        7.2.3 Geometry Optimization…………………………..……………….…... 77 
        7.2.4 Appended Results……………………………………..……….…….…81 
        7.2.5 Explanation of Results……………………………….………………....84 
8. Conclusion and Future work……………………………………..…..……….… 86 
    Appendix A: Refractive Index……………………………………..…….……….87 
    References……………………………………………………………..…………... 90 
    Curriculum Vitae………………………………………………………………..... 96 
     
  
  xi 
List of Figures 
Fig 1.1 : Guided and unguided light in an optical fiber [6].                2 
Fig 1.2 : Bessel functions used for Modal solution, generated using Mathematica. 5 
Fig 1.3 : Intensity profiles of LP01 and LP52 modes in a SI fiber, generated using  
               Mathematica. 11 
Fig 2.1 : Major categories of IR fiber optics and an example of each type [9]. 14 
Fig 2.2 : Intrinsic losses in common IR fibers [9]. 16 
Fig 2.3 : Absorption spectra for hydroxyl ions in silica fibers, showing different       
               absorption overtones [6].  21 
Fig 2.4 : Refractive index and extinction coefficient dispersion curves for (a) Ge and (b)   
               silica showing sudden changes in n and k [10][39].  23 
Fig 2.5 : Electronic absorption by various energy band transitions [11]. 25 
Fig 3.1 : Ge-Si alloy phase diagram, showing solute segregation due to  non-equilibrium   
               cooling [12]. 29 
Fig 3.2 : Shifting of peak to longer wavelengths in  Ge-Se-Te fiber upon decrease in Ge  
               concentration [13].  30 
Fig 3.3 : Multi-phonon spectra for Ge, Si and their alloys. Collected from neutron    
scattering experiments [14]. 31 
Fig 3.4 : Predicted IR multi-phonon absorption spectra for Ge. Different curves show  
               variation in sample thickness (mm) [15]. 32 
Fig 3.5 : Predicted IR multi-phonon absorption spectra for Si . Different curves show     
               variation in sample thickness (mm) and temperature (K) [16]. 32 
Fig 3.6 : Energy band gap as a function of mole percentage of silicon in alloy [17]. 33 
Fig 4.1 : A typical finite element subdivision of an irregular domain. 39 
 
  xii 
Fig 4.2 : The mesh generated by COMSOL Multiphysics for GRIN and SI fiber  
                simulations in this study. 39 
Fig 5.1 : Wavelength dependent losses in Ge core fiber for different core diameters as  
               published in Ref. 18. 43 
Fig 5.2 : Published results from Ref. 18 for diameter variation and addition of ZnSe  
interlayer, replotted using WebPlotDigitizer-software. 43 
Fig 5.3 : Loss variation for Ge core (single material) and Ge core with ZnSe with optical  
               wavelength, simulated in this study. 45 
Fig 5.4 : Comparison of results for 4 micron diameter Ge fiber 46 
Fig 5.5 : Comparison of results for 6 micron diameter Ge fiber 46 
Fig 5.6 : Comparison of results for 10 micron diameter Ge fiber 47 
Fig 5.7 : Comparison of results for 4 micron diameter Ge fiber with 2 micron ZnSe  
               interlayer 47 
Fig 6.1 : Refractive index variation with photon energy and alloy composition according  
               to the derived relation. 53 
Fig 6.2 : Extinction coefficient variation with photon energy and alloy composition  
               according to the derived relation. 53 
Fig 6.3 : Experimentally obtained data of refractive index for various Ge-Si alloy  
               compositions [19]. 54 
Fig 6.4 : Refractive index variation with photon energy for different alloy composition as  
               dictated by the expression.  54 
Fig 6.5 : Experimentally obtained data of extinction coefficient for various Ge-Si alloy  
compositions [19]. 55 
Fig 6.6 : Extinction coefficient variation with photon energy for different alloy  
               composition as dictated by the expression. 55 
  xiii 
Fig 6.7 : Structure of Ge fiber. All dimensions are in microns. 57 
Fig 6.8 : Loss as function of wavelength for Ge core fiber for two core sizes, where the    
               second graph zooms-in on wavelength range 4-7 microns. 58 
Fig 6.9 : Comparison of normalized power-flow-time-average (z) for (a) 20 micron  
               diameter, and (b) 40 micron diameter Ge core fibers. 60  
Fig 6.10 : Comparison of normalized electric field norm through optical fiber for (a) 20  
                 micron diameter, and (b) 40 micron diameter Ge core fibers. 61 
Fig 6.11 : Power dissipation density for 40 micron diameter Ge core optical fiber.  62 
Fig 6.12 : Wavenumber variation for 40 micron diameter Ge core optical fiber. 62 
Fig 6.13 : Structure of Si fiber. All dimensions are in microns. 63  
Fig 6.14 : Loss as a function of optical wavelength for 40 micron diameter core silicon  
                 and germanium optical fibers. 64 
Fig 7.1 : Structure of  SI alloy fiber. All dimensions are in microns.  67 
Fig 7.2 : Mesh element size variation across the fiber. All dimensions are in microns. 67 
Fig 7.3 : Loss as a function of optical wavelength for 40 micron diameter core SI alloy  
               and germanium optical fibers.                                               68 
Fig 7.4 : Loss as a function of optical wavelength for 20 and 40 micron core diameter SI     
             alloy fiber. The losses decrease by 0.2-4 dB/m for 40 micron fiber.  69 
Fig 7.5 : Normalized EM power loss density for 40 micron core diameter SI fiber  
at optical wavelengths of (a) 6 micron, and (b) 10 micron.  71 
Fig 7.6 : Normalized electric field norm plots for 40 micron core diameter Step Index  
               fiber at optical wavelengths of (a) 2 micron, (b) 6 micron, and (c) 10 microns. 72  
Fig 7.7 : Structure of  GRIN Alloy fiber. The thickness of each alloy layer is 6 microns. All   
              dimensions are in microns. 75 
  xiv 
Fig 7.8 : Loss as a function of optical wavelength for SI and GRIN alloy fibers. Both 
fibers have a core diameter of 40 micron diameter. The GRIN fiber’s alloy 
layers are all  one micron thick.  76 
Fig 7.9 : Loss as a function of optical wavelength for different core diameter sizes of    
               GRIN alloy fiber. The GRIN fiber’s alloy layers are all one micron thick for all   
three core sizes. 77 
Fig 7.10 : Loss as a function of optical wavelength for different alloy layer thicknesses for  
                 8 micron core diameter GRIN alloy optical fiber. 78 
Fig 7.11 : Loss as a function of optical wavelength for different alloy layer thicknesses for  
                20 micron core diameter GRIN alloy optical fiber. 79 
Fig 7.12 : Loss as a function of optical wavelength for different alloy layer thicknesses for   
                40 micron core diameter GRIN alloy optical fiber. The 6 micron and 3 micron   
                alloy thickness fibers have very small difference (0.2-2 dB/m) in losses. 80 
Fig 7.13 : EM power loss density for 8 micron core diameter fiber for alloy layer       
                 thickness (a) 1 micron, (b) 3 micron and (c) 6 micron. The operating    
                 wavelength is 6 microns. 82 
Fig 7.14 : Energy-density-time-average plot for 40 micron diameter core GRIN fiber with  
                1 micron thickness of each alloy layer. The operating wavelength is 6 micron. 83 
Fig 7.15 : Electric field norm plot for 40 micron diameter core GRIN fiber  with 1 micron   
                 thickness of each alloy layer. The operating wavelength is 6 microns. 83 
Fig 7.16 : Wave number plot for 40 micron diameter core GRIN fiber with 1 micron  
thickness of each alloy layer. The operating wavelength is 6 microns. 84 
  
      
  1 
1. Introduction to Optical Fibers 
1.1 History 
 Jean Daniel Colladon and Jacques Babiot first observed total internal 
reflection (TIR) of light in a jet of water acting as a light pipe [1]. In the subsequent 
years, Alexander Graham Bell reported transmission of speech using light beam, 
calling it a Photophone [2]. 
 Early work on optical fibers by Narinder Singh Kapany and Harold 
Hopkins [3] laid the foundations of the field, to which Charles K. Kao [4] gave the 
present structure through his research on low attenuation and high purity silica 
fibers. 
 Years of research in the areas of material science, optics and manufacturing 
research, have led to very low attenuation (~0.2 dB/km) silica fibers, which are 
used extensively for telecommunications. The second-generation silica fibers used 
1.3 𝜇𝑚 wavelength light, while the currently used third generation optical fibers 
operate at 1.55 𝜇𝑚 to utilize this ultra low loss [4][5]. 
 
 
1.2 Optical Waveguide theory 
1.2.1 Ray Optics Analysis 
If the optical fiber is very large compared to the guided electromagnetic (EM) 
wave, we can use simple ray optics can be used to understand the propagation 
(Fig. 1.1). The basic principle of light transmission is based on TIR, where if 
incident light tries to enter a region of low refractive index (𝑛$) from a region of 
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higher refractive index (𝑛%) and if the incident angle  is  greater  than  a threshold 
critical angle, the whole light is reflected back to the higher refractive index 
medium. This critical angle is defined as [6]: 
 𝜃' = 𝑠𝑖𝑛+%(-.-/)  (1.1) 
Other important parameters for this study are acceptance angle and numerical 
aperture of an optical fiber, both of which dictate coupling of light source to optical 
fiber using other optical components. The acceptance angle (𝜃1 for axial rays and 𝜃12 for skew rays with skew angle 𝛾) defines a cone of light acceptance. Any light 
with an angle than 𝜃1 doesn’t undergo TIR but instead radiates into the cladding 
and is lost.  
Fig 1.1 : Guided and unguided light in an optical fiber, TIR and acceptance angle (𝜃1) [6]. 
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The numerical aperture (NA) for axial rays 𝑁𝐴16718 is defined as: 
 𝑁𝐴16718 = 𝑛9𝑠𝑖𝑛(𝜃1) = (𝑛%$ − 𝑛$$)% $  (1.2) 
where, 𝑛9 is refracting index of medium surrounding optical fiber. In the case of 
skew rays, the NA is defined as: 𝑁𝐴2;<= = 𝑛9𝑠𝑖𝑛(𝜃12)𝑐𝑜𝑠(𝛾)  (1.3) 
NA is increased and better coupling is achieved. 
 
1.2.2 Wave Optics Analysis 
     When the fiber core size becomes comparable to the wavelength of propagating 
EM wave, a more rigorous wave optics analysis is needed. Ray optics, using 
generalized Fresnel transmission coefficient approximates the evanescent field 
effects like cladding absorption and radiation losses. This methodology has its 
limited use, beyond which Maxwell equations need to be solved, either by modal 
methods [6] (eigenfunction equations) or by using Green’s function methods. The 
modal method, assumes the EM field to be summation of Maxwell’s source free 
equation. The approach of using Green’s functions, approximates the EM field 
resulting from a point dipole. By linearly superimposing the fields of the dipole 
distributions, EM field due to a specific source can be found. The Green’s function 
approach is beneficial for the study of characteristics of radiation EM waves. In 
this study, modal analysis approach has been used [7]. 
 In modal analysis [8], the Maxwell’s equations have been solved in 
cylindrical coordinates to derive a characteristic (or eigenvalue) equation that 
informs on the different modes (born out of multiple reflections and interferences) 
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propagating in the fiber under the given the conditions. For fibers, where the 
difference between refractive indices of core and cladding is low (<1%), a weakly 
guiding approximation can be applied. This makes the analysis analytically 
simpler and leads to Linearly Polarized modes (LP modes), which are 
combinations of degenerate exact solution modes. Few LP modes, solved using 
Mathematica, are shown in Fig. 1.3. Gaussian Approximation, which quantifies 
propagation parameters on arbitrary profile parameters, can also be used. 
The applicable forms of Maxwell Equations’ are as follows, 
𝛻×𝐸 = − CDCE    (1.4) 𝛻×𝐻 = CGCE   (For the case of no current density component) (1.5) 𝛻. 𝐷 = 0         (For the case of no free charge)  (1.6)                               𝛻. 𝐵 = 0         (For the case of no free poles)           (1.7) 
These give the wave equation for the EM waves as: 
𝛻$𝐸 = 𝜇𝜖 C.MCE   (1.8) 
Assuming a harmonic time dependence (𝑒7OE), the time-independent Hemboltz 
equation in (𝑟, 𝜙, 𝑧) coordinates can be calculated from the wave equation below, 
by separation of variables. 
%T CCT (𝑟 CMCT) + %T. C.MCV. + C.MCW. = 𝜇𝜀 C.MCE.          (1.9) 
The 𝑧 component of the solution is of type 𝑒+7YW, where 𝛽 is propagation constant 
related to refractive index of region and wavenumber (= 𝑛. 𝑘). Similarly, the 𝜙 
component of the solution has the form, 𝑒+7\V. Incorporating these dependencies 
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in the Hemboltz equation, we derive an equation to solve the 𝑟 dependency, which 
is a Bessel’s equation. Consideration of the physical properties of EM waves in the 
fiber core and cladding i.e., i) the field decreases as radial parameter r increases in 
cladding, ii) tangential components of EM field are continuous at core-cladding 
boundary and iii) the field is a finite quantity at the fiber axis, necessitates that in 
the core, the modes are represented as the Bessel function of the First Kind, while 
in the cladding, the modes are represented as Modified Bessel Function of the 
Second Kind. The forms of these functions are shown in Fig. 1.2. 
 
Bessel Function of the first kind for core                             Modified Bessel Function of the second kind       
                                                                                             for cladding 
 
Fig 1.2 : Bessel functions used for Modal solution, generated using Mathematica.              
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For the cylindrical geometry fiber, the radial and azimuthal components of electric 
and magnetic fields are: 
𝐸T = 7] {𝛽 CM_CT + (`aba)% $ ;T Cc_CV } (1.10) 𝐸V = 7] {YT CM_CV − (`aba)% $𝑘 Cc_CT }  (1.11) 𝐻T = 7] {𝛽 Cc_CT − (ba`a)% $ ;-.T CM_CV }       (1.12) 𝐻V = 7] {YT Cc_CV + (ba`a)% $𝑘𝑛$ CM_CT }       (1.13) 
 
The wave equation and the boundary conditions of continuity in electric and 
magnetic fields at the interface between the core and cladding, gives the 
characteristic (or eigenvalue) equation in terms of modal parameters, 𝑢 and 𝑤, as: 
{gh i(j1)jgh(j1) + kh i(=1)=kh(=1)}{𝛽%$ gh i(j1)jgh(j1) + 𝛽$$ kh i(=1)=kh(=1)} = Y.\1 { %j. + %=.}$      (1.14) 
 
The modes, which are transverse resonances of the EM field in the waveguide, are 
finite in number, and can be represented as; i) TE Mode → Transverse Magnetic 
mode, where 𝐻W = 0, ii) TM Mode → Transverse Electric mode, where 𝐸W = 0, as 
well as hybrid iii) HE, and iv) EH modes. The different modes have different 
energies and power couplings, where the modes are differentiated by two 
parameters, 𝜈 (𝜙 variation), and 𝑚 (radial variation) (e.g., 𝐻𝐸%%, 𝑇𝐸\o). 
The total electric field is due to the radiation field and the modal fields, which are 
summation of individual modal fields (modes going from j=1 to M), which are 
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scaled by the modal amplitudes (𝑎q  for forward propagating mode and 𝑎+q  for 
backward propagating mode).  Thus, the total electric field can be expressed as: 𝐸(𝑥, 𝑦, 𝑧) = ∑q 𝑎q𝐸q 𝑥, 𝑦, 𝑧 + ∑q 𝑎+q𝐸+q 𝑥, 𝑦, 𝑧 + 𝐸T1u(𝑥, 𝑦, 𝑧)  (1.15) 
         The allowed modes need to follow conditions of orthogonality and 
normality, which we drive from reciprocity theorem of Maxwell Equations. The 
Normalization factor 𝑁q for 𝑗Ew mode, over an infinite cross section area, is defined 
as, 
 (1.16) 
where 𝑒q and ℎq are time-independent components of the fields 
 
Thus the orthonormality condition can be expressed as, 
%$ ∫z{𝑒q×ℎ;∗ ⋅ ?̂?𝑑𝐴 = %$ ∫z{𝑒;∗×ℎq ⋅ ?̂?𝑑𝐴 = {𝑁q, 𝑗 = 𝑘0, 𝑗 ≠ 𝑘  (1.17) 
 
The above condition for an absorbing medium (with complex refractive index) is 
valid even without the conjugate components of electric and magnetic fields. 
 The propagation constant, 𝛽, which dictates the Modal power distribution, 
EM wave propagation and hence the losses in the fiber, has real and imaginary 
components. The imaginary component is responsible for the power loss, and can 
be derived from the propagating modes by the following equation: 
 (1.18) 
different energies and power couplings, where the modes are differentiated by 
two parameters,    (    variation), and    (radial variation) (e.g.,   ).

The total electric field is due to the radiation field and the modal fields, which are 
summation of individual modal fields (modes going from j=1 to M), which are 
scaled by the modal amplitudes (    for forward propagating mode and    for 
backward propagating mode).  Thus, the total electric field can be expressed as:

!       (1.15) 
The allowed modes need to follow conditions of orthogonality and normality, which we 
drive from reciprocity theorem of Maxwell Equations. The Normalization factor    for 
   mode, over an infinite cross section area, is defined as,

! , 
where    and    are time-independent components of the fields   (1.16)
Thus the orthonormality condition can be expressed as,

!       (1.17)
The above condition for an absorbing medium (with complex refractive index) is 
valid even without the conjugate components of electric and magnetic fields.

ν ϕ m HE11,TEνm
aj a−j
E(x, y, z) = ∑
j
ajEj(x, y, z) + ∑
j
a−jE−j(x, y, z) + Erad(x, y, z)
Nj
jth
Nj =
1
2 ∫A∞ ej × hj
* ⋅ ̂z dA
ej hj
1
2 ∫A∞ ej × hk
* ⋅ ̂z dA = 12 ∫A∞ e*k × hj ⋅ ̂z dA = {
Nj, j = k
0, j ≠ k
	 !8
The propagation constant,   , which dictates the Modal power distribution, EM 
wave  propagation  and  hence  the  losses  in  the  fiber,  has  real  and  imaginary 
components. The imaginary component is responsible for the power loss, and 
can be derived from the propagating modes by the following equation:

!       (1.18)

The  propagation  constant  is  bounded  by  core  and  cladding  parameters,  i.e., 
   .The modal parameters,    and   , depend on the fiber geometry 
and  material,  and  describe  the  propagating  mode  solutions  and  the  cut-off 
conditions  for  the  finite  number  of  propagating  modes.  For  an  absorbing 
medium, these parameters are complex quantities, given as,    
for  core  and     for  cladding.  To  find  which  mode  will  be 
propagating, a useful parameter is the V number of a fiber, which for a step-
index fiber with core radius   , is given as: 

 !       (1.19)

V is related to modal parameters as   , where at cut-off conditions, 
   .

β
βj = βr + iβi = (
μ0
ϵ0
)1/2k
∫A∞ n
2ej × hj
* ⋅ ̂z d A
∫A∞ n
2 ej
2
d A
n clk ≤ βj ≤ n Co k u w
u j = a(k2n Co − β2j )1/2
wj = a(β2j − k2n Cl)1/2
a
V = 2π
λ
a(n 21 − n 22 )1/2
V 2 = u 2j + w2j
w2j = 0
	 !9
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The propagation constant is bounded by core and cladding parameters, i.e., 𝑛'8𝑘 ≤𝛽q ≤ 𝑛𝑘 . The modal parameters, 𝑢  and 𝑤 , depend on the fiber geometry and 
material, and describe the propagating mode solutions and the cut-off conditions 
for the finite number of propagating modes. For an absorbing medium, these 
parameters are complex quantities, given as, 𝑢q = 𝑎(𝑘$𝑛 − 𝛽q$)% $  for core and 𝑤q = 𝑎(𝛽q$ − 𝑘$𝑛8)% $  for cladding. To find which mode will be propagating, a 
useful parameter is the V number of a fiber, which for a step-index fiber with core 
radius 𝑎, is given as:  
 𝑉 = $ 𝑎(𝑛%$ − 𝑛$$)% $       (1.19) 
V is related to modal parameters as 𝑉$ = 𝑢q$ + 𝑤q$, where at cut-off conditions, 𝑤q$ =0. 
         If, depending on the fiber and input EM wave, only a single mode is allowed 
to propagate (single mode transmission), the signal suffers a lower dispersion. 
Thus, this mode of transmission is preferred in telecommunications. 
            Depending upon the zeros of the Bessel function, the minimum value of 𝑉 
for a mode to propagate can be determined. For the mode 𝐻𝐸%%, the critical 𝑉 is 
zero and hence the 𝐻𝐸%% mode always propagates. The next modes, 𝑇𝐸9%, 𝑇𝑀9% and 𝐻𝐸$%  require a minimum 𝑉  of 2.405. The number of modes propagating can be 
approximated by two relationships (applicable for 𝑉 > 5), one for step-index (SI) 
fibers and another for graded index (GRIN) fibers. These are given as: 
𝑀 ≈ .$ , 𝑀 ≈ ( $) .$        (1.20) 
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where 𝛼 is the profile parameter of the refractive index in the GRIN fiber. This 
study involves optimization of 𝛼 for GRIN alloy fibers. 
The energy flow per unit length in a dispersive medium can be expressed as: 
𝑊q = (+. ) 𝑎q $∫z{{𝜖9 𝑒q $ uu (-. ) + ℎq $ uu (`)}𝑑𝐴       (1.21) 
 
Each mode carries some Power, both in the forward and backward direction, 
which we find using the time-averaged Poynting Vector, 
𝑆q = %$ 𝑎q $𝑅𝑒{𝐸q×𝐻q∗ ⋅ ?̂?} = %$ 𝑎q ${𝑒q×ℎq∗ ⋅ ?̂?}      (1.22) 
Integrating the Poynting vector over an infinite cross section gives us the power 
flow for the 𝑗Ew mode as, 
𝑃q = %$ 𝑎q $∫z{𝑒q×ℎq∗ ⋅ ?̂?𝑑𝐴 and 𝑃+q = − %$ 𝑎+q $∫z{𝑒+q×ℎ+q∗ ⋅ ?̂?𝑑𝐴    (1.23) 
for the back propagating mode. 
 The total power propagating inside the fiber is the modal power which is 
bounded and the power due to radiation EM waves, giving: 𝑃EE = 𝑃u + 𝑃T1u       (1.24) 
𝑃u = ∑q% {𝑃q + 𝑃+q}       (1.25) 
The fraction of the modal power carried by a mode is defined as 
 𝜂q = =<T=7Ew7-'T<(qou<) E18]=<T¡Ew1Eou<  , which can be calculated as 
  (1.26) 
Integrating the Poynting vector over an infinite cross section gives us the power 
flow for the    mode as,

!  and !    (1.23)
for the back propagating mode.

The  tot l  power  propagating  inside  the  fiber  is  the  modal  power  which  is 
bounded and he er due to radiation EM waves, giving :

!       (1.24)

!       (1.25)

The  fraction  of  the  modal  power  carried  by  a  mode  is  defined  as 
!  , which can be calculated as

!       (1.26)
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The power lost (represented by power dissipation density plots in this research) 
due to absorption in some volume due to absorbing medium with complex 
refractive index, ?˜? = 𝑛T + 𝑖𝑛7, is given as: 
𝑃82E = −𝑘(ba`a)% $∫𝑛T𝑛7 𝐸 $𝑑𝑉       (1.27) 
For an absorbing media, the imaginary part of propagation constant represents the 
decrease in power for a specific mode, and is given as, 𝑃q(𝑧) = 𝑃q(0)𝑥𝑝(−𝛾q𝑧), where 𝛾q = 2𝛽q7, can be expressed as: 
       (1.28) 
 
 
 
                                        
 
 
 
 
 
        
                       
 
 
The power lost (represented by power dissipation density plots in this research) 
due  to  absorption  in  some  volume  due  to  absorbing  medium  with  complex 
refractive index, ! , is given as:

!       (1.27)

For an absorbing media, the imaginary part of propagation constant represents 
the  decrease  in  power  for  a  specific  mode,  and  is  given  as, 
! , where ! , can be expressed as:

!       (1.28)
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Fig 1.3 : Intensity profiles of LP01 and LP52 modes in a SI fiber, generated using Mathematica. 				 
 
  
(a) 
(b) 
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2. IR Fiber 
In many applications, the relevant wavelengths lie in the infrared (IR) 
region of the electromagnetic spectrum, which ranges from 700 µm to 1 mm 
wavelengths. Transmission of these signals requires fibers that operate in these 
wavelengths, which can be divided into three categories defined as i) near-infrared 
(near-IR) ranging from 0.7 to 2 µm, ii) mid-infrared (mid-IR) ranging from 2 to 15 µm, and 
iii) far-infrared (far-IR) ranging from 15 to 1000 µm. Some applications requiring 
fibers transmitting in the IR regime are listed below. 
2.1 Applications 
Chemical and Thermal Sensing 
The fingerprint region for the emission and absorption spectra for various 
materials is utilized in variety of characterization and sensing techniques and 
holds vital information regarding the chemical composition of the radiating 
material. Hollow IR Fibers specifically made with marker materials in the core-
cladding interface to identify a material by the evanescent field have widespread 
applications in a variety of fields ranging from hazardous gas detection to 
petroleum product identification [9]. 
     Accessing thermal IR information from engines, reactors or even the 
environment using IR fibers has major implications, making the field of IR fiber 
research to be very active at the present time. 
Medical 
Fibers transmitting in the IR region play an important role in medical 
science. Power delivery from 𝐶𝑂$  lasers using IR fibers is a requirement in 
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applications such as LASIK surgery, tissue grafting, tumor removal, among others. 
IR fibers are also used in biomedical imaging applications, including general 
imaging as well as for identifying various pathogens [9].  
Military 
Heat signatures from aircraft and missiles are in the IR region, making 
fibers that can transmit IR signals an essential component of defense systems [9]. 
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Fig 2.1 : Major Categories of IR Fiber Optics and an example of each type [9]. 
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2.2 Current IR Fiber technology 
2.2.1 Types 
 Infrared fibers can broadly be divided into three categories; glass, 
crystalline and hollow waveguides. These categories can be further subdivided  
as shown in Fig. 2.1. Halide glass fibers, chalcogenide glass fibers, crystalline and 
hollow-core fibers have all been subjects of extensive research.      
2.2.2 Limitations of current technology 
 Current IR fiber technologies have their shortcomings. For example, 
ZBLAN fibers have problems with vitrification and have high leach rates (10+¨ −10+$𝑔/𝑐𝑚$/𝑑𝑎𝑦).  The predicted losses for ZBLAN fibers are 0.01 dB/km (Rayleigh 
Scattering) at 2.55𝜇𝑚 [9], which is 8 times less than silica fibers, but in reality, the 
losses are few dB/m due to impurities, cracks and scattering (crystallites, oxides 
and bubbles). Some fibers also contain elements that can pose health hazards 
 Crystalline fibers have low theoretical scattering losses due to their ordered 
atomic arrangement. Semiconductor materials like Si and Ge, are non-poisonous 
and are readily available. Ge and Si, have large refractive indices and low 
extinction coefficients. Thus, in theory, semiconductor fibers provide a low loss 
option because of their crystalline structure (which minimizes intrinsic scattering), 
large atom mass (which decreases multi-phonon absorption), and large n (which 
allows for a bigger NA). However, in reality, semiconductor fibers are difficult to 
fabricate and are generally polycrystalline with impurities and structural 
imperfections that drastically increase losses.  
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2.3 Attenuation Sources and their Mechanisms 
                         Fig 2.2 : Intrinsic losses in common IR fibers [9]. 
Upon traveling along a material, light interacts with the constituent atoms, 
imperfections and scattering centers, and is absorbed [20]. This loss of power per 
unit length of fiber is referred to as attenuation, and is defined as: 
 
Attenuation (𝑑𝐵/𝑚) = −(%9« )𝑙𝑜𝑔%9(=<TjE=<T- )         (2.1) 
The overall attenuation can be divided into individual components as: 
𝛼 = z­ + 𝐵 + 𝐶𝑒®¯ + 𝐸(𝜆) + 𝐹(𝜆) + 𝐺(𝜆)         (2.2) 
 
The first term is due to intrinsic scattering losses, the second term is due to 
structural imperfections, which is independent of operating wavelength. The third 
term is due to electronic transitions. The fourth term is due to lattice vibrations, 
the fifth due to impurity absorption and the sixth term is due to dispersion based 
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absorption. These loss mechanisms are explained in more detail below [21]. 
Intrinsic loss curves for common IR fibers is shown in Fig. 2.2. 
 
2.3.1 Intrinsic scattering loss 
Scattering encapsulates two processes, absorption of optical power and 
then reemitting the same with change in direction and mode type. This process 
may result in attenuation as the transfer of power might be to a leaky (radiation 
mode may not propagate in the fiber, leading to losses). 
There are five types of scattering mechanisms generally; Rayleigh, Mie, 
Rayleigh-Gans, Brillouin, and Raman.  
Rayleigh Scattering 
The major cause of intrinsic losses in glassy fibers and polycrystalline fibers, 
Rayleigh scattering works on a linear scattering mechanism. The general form for 
Rayleigh scattering loss is: 
 (2.3) 
A(r) is Rayleigh scattering coefficient and P(r) is optical power, where both are 
functions of radial distance [22]. 
Taking impurity species into account, this can be further expressed in a 
form where scattering due to different components is weighed by an empirically 
derived factor, as follows: 
𝛼1³8<7´w = 𝐴1³8<7´w(%∑µ(¶·¸¹ºµ»)µ¼-µ­ ),  (2.4) 
third  term  is  due  to  electronic  transitions.  The  fourth  term  is  due  to  lattice 
vibrations,  the  fifth  due to  impurity  absorption and the  sixth  term is  due to 
dispersion based absorption. These loss mechanisms are explained in more detail 
below [21]. Intrinsic loss curves for common IR fibers is shown in Fig. 2.2 .

2.3.1 Intrinsic scattering loss

Scattering encapsulates two processes,  absorption of  optical  power and 
than reemitting the same with change in direction and mode type. This process 
may result in attenuation as the transfer of power might be to a leaky (radiation 
o e may not propagate in the fiber, leading to losses).

There are five types of cattering mechanisms generally ; Rayleigh, Mie, 
leigh-Gans, Briou lin, a d Raman. 

a leigh Scattering

The  major  cause  of  intrinsic  losses  in  glassy  fibers  and polycrystalline 
fibers, Rayleigh scattering works on a linear scattering mechanism. The general 
form for Rayleigh scattering loss is:

! ,         (2.3)αRayleigh = (
1
λ4
){
∫∞0 A (r)P(r)rdr
∫∞0 P(r)rdr
}
	 !20
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where 𝐴1³8<7´w𝑎𝑛𝑑𝐶1³8<7´w  are empirically determined constants and Δ𝑛7  is 
difference in refractive index between impurity and optical fiber material. Another 
form of the law [22][23], widely applied to glassy fibers and for few other cases is:  
𝛼1³8<7´w = ¾¿¨ %­ 𝑛¾𝑃%$$ 𝑘D𝑇𝛽          (2.5) 
Where 𝑃%$ is the appropriate Pockel’s coefficient, T is absolute temperature or the 
glass transition temperature in case of glasses and 𝛽   is the isothermal 
compressibility. Brioullin scattering also follows a similar dependency on various 
terms.  
For scattering centers, the angular dependency of scattered light can be 
represented as: 
𝐼(𝜃) = (%'2.(Á). ) ¾­­ 𝑟Â(.+%.%)$𝐼9      (2.6) 
 
where N is the refractive index ratio between the center and the embedding 
medium, R the radial distance of from the scattering center and r is the size of the 
scattering center. Integrating the above expression over the medium, transmission 
due to Rayleigh scattering can be calculated, which for various IR fiber materials 
is orders of magnitude smaller than in the case of silica fibers. 
Mie Scattering 
Mie scattering occurs when the inhomogeneities are comparable in size to 
the operating wavelength. Mie analysis uses Green’s functions to calculate light 
scattering off spherical or cylindrical inhomogeneities [24]. In this research, the 
imperfections are on the scale of nanometers while the operating wavelengths are 
in microns, so Mie scattering is not a major issue. 
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Rayleigh-Gans Scattering  
Rayleigh-Gans scattering is seen in a few polycrystalline fibers, and are 
attributed to scattering centers that are strain fields and surface irregularities. 
Instead of the 𝜆+ dependency on scattering losses, Rayleigh-Gans scattering show 
a 𝜆+$.$(KRS-5) to a 𝜆+$ (silver halide) dependency [21]. 
Brillouin Scattering  
Brillouin scattering is a form of non-linear scattering that causes optical 
power to be transferred forward or backward to the same or a different mode, 
leading to disproportionate attenuation at high powers [6]. As a result of Brioullin 
scattering, incident photons produce an acoustic phonon and another scattered 
photon. Brillouin scattering can be minimized if the optical power is kept below a 
threshold value [7] (for a single mode fiber) of: 𝑃DEwT<2w8u = 4.4×10+¨𝐷$𝜆$𝛼uD𝜈𝑤𝑎𝑡𝑡𝑠      (2.7) 
where D is fiber diameter, 𝜆 is the wavelength, 𝛼uD  is fiber attenuation and 𝜈 is 
source bandwidth. 
Raman Scattering  
The mechanism of Raman scattering is similar to Brillouin scattering, except 
for the fact that a scattered optical Phonon is formed [6][7]. The threshold power 
for Raman scattering is many times that of threshold power required for Brillouin 
Scattering, and is given as: 
  𝑃EwT<2w8u = 5.9×10+$𝐷$𝜆$𝛼uD𝑤𝑎𝑡𝑡𝑠          (2.8) 
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2.3.2 Scattering Loss due to Structural Imperfections  
Micro and macro bends in fibers cause a portion of the EM field to leak into 
the cladding and break-off as the tail of the evanescent wave. The tail is required 
to travel faster than the speed of light in that medium, which it cannot and hence 
is lost as radiation. This kind of loss has a threshold bending radius for the fiber, 
which can be calculated. Splice losses also fall into this category. 
During fiber manufacturing, differences in the coefficient of thermal 
expansion (CTE) and cooling rates between the cladding and core causes crack 
formation, which might increase in size with time. These cracks increase 
attenuation and also weaken the structural integrity of the fiber. This issue is 
especially relevant to semiconductor core fibers due to their CTE mismatch with 
their glass cladding. A study was undertaken to look into specifically tailoring the 
cladding glass composition to different semiconductor core materials [35]. The 
study found that a cladding composition of 6𝑁𝑎$𝑂 + 6𝐴𝑙$𝑂¨ + 88𝑆𝑖𝑂$ best matched 
a Si core fiber, while a cladding composition of 10𝑁𝑎$𝑂 + 6𝐴𝑙$𝑂¨ + 4𝐵$𝑂¨ + 80𝑆𝑖𝑂$  
best matched a Ge core fiber.  
 2.3.3 Impurity absorption  
 During fiber manufacturing, chemical species [21] such as 𝑂𝐻+, 𝑆𝑖 − 𝑂, 𝐺𝑒 −𝑂, 𝐶𝑢$, 𝐶𝑟¨, 𝐶𝑂$¨+  etc., get incorporated into the fiber, especially in the case of 
crystalline fibers with strong ionic bonds. These species have bonds that are 
anharmonic in nature and thus resonate at different frequencies, resulting in 
optical power absorption at different ‘overtones’. For example, the 𝑂𝐻+  ion 
generally has its first overtone at 2.8 micron for silica fibers (Fig. 2.3), and has an 
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added attenuation of a fraction of dB/m for IR fibers. Losses in IR fibers due to the 
presence of oxygen atoms have been experimentally measured to be 4.3 dB/m at 
nearly 2 micron wavelength [26]. Better manufacturing procedures and help 
minimize these losses.  
W. Kaiser [26] presented a model, applicable to this study, relating 
scattering loss to scattering center density 𝑁], assuming spherical particles smaller 
than the wavelength of light. Using this model, the loss coefficient, 𝛼 , can be 
expressed as: 
𝛼 = ($¿È )( a$ÉÊ)$( -.+-a.-.$-a.)$(-a )         (2.9) 
The loss coefficient is in 𝑐𝑚+%, 𝑁9 is number of impurity atoms (like Oxygen) per 𝑐𝑚¨ , 𝑛9  is the medium’s refractive index (Si or Ge), n is the refractive index of 
impurity (𝑆𝑖𝑂$, 𝐺𝑒𝑂$ etc), M is the molecular weight of impurity, 𝜌 their density 
and 𝑁z is Avogadro’s number  
Fig 2.3: Absorption spectra for hydroxyl ions in silica fibers, showing different       
              absorption overtones [6]. 
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2.3.4 Absorption by dielectric dispersion  
Kronig proved that the real part of refractive index of an IR dielectric or a 
semiconductor material is not independent of the extinction coefficient, leading to 
the Kramers-Kronig relationship, given as: 
𝑛(𝐸9) = 1 + $ ∫9{ MÌ(M)M.+Ma. 𝑑𝐸    (2.10) 
The dielectric shows strong periodic resonances in the refractive index 
dispersion curve, which results in sudden changes in refractive index and 
extinction coefficient at particular wavelengths. This leads to high values of 
attenuation [27]. Fig. 2.4 shows refractive index and extinction coefficient variation 
for Ge (a) and silica (b). 
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(a) 
 
 
 
 
 
 
 
 
 
 
(b) 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 2.4 : Refractive index and extinction coefficient dispersion curves for (a) Ge,  
               and (b) silica showing sudden changes in n and k [10][39].    
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2.3.5 Electronic Absorption 
Due to the presence of free electrons in conductors, the electronic 
absorption is continuous, approximately increasing with square of incident 
wavelength. In semiconductors, electronic absorption depends on the band gap 
and concentration of charge carriers, which is a sharp function of temperature. 
Electronic absorption in semiconductors can be broadly divided into three kinds; 
intrinsic absorption due to excitation of valence electrons to the conduction band 
across band gap (direct or indirect with the help of a phonon), carrier absorption 
where Infrared absorption due to interbank excitation of free carriers is observed 
(which is not subjected to electron excitation selection rules), and absorption due 
to electrons or holes transitioning between localized states. These transitions can 
be tailored by changing the band gap, and charge and carrier concentrations 
[27][21]. 
In terms of band transitions, these absorption mechanisms can be 
summarized in Fig. 2.5. 
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Fig 2.5 : Electronic absorption by various energy band transitions [11]. 
 
These transitions are:  
A.  Direct valance to conduction band at constant k vector 
B.  Indirect valance to conduction band by photon/phonon coupling  
C.  Inter valance band 
D. Valance band free-carrier transition by impurities and photon/phonon 
coupling 
E. Conduction band free-carrier transition by impurities and photon/phonon 
coupling 
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2.3.6 Phonon Absorption  
At IR frequencies, the input optical photon might impart its energy to a 
phonon, satisfying a few conditions, and the process might reemit a photon or 
completely absorb the incoming photon. The conditions this process needs to 
satisfy are conservation of energy, conservation of momentum of photons and 
phonon’s crystal momentum and a coupling mechanism. This leads to different 
selection rules for different phonon absorption processes. This can occur in three 
ways; a single phonon or Reststrahl absorption (occurring only in ionic materials, 
hence not applicable to semiconductor fibers), multi phonon absorption and defect 
induced one phonon absorption, where a crystal defect or impurity aids in the 
coupling mechanism.  
The theory of phonon absorption and Szigeti relations [27][21] predict that 
the material becomes completely opaque or has considerably high absorption at 
optical frequency between transverse and longitudinal optical vibrational 
frequency depending upon the reduced mass of the constituent alloy and their 
bond strength (F), and can be expressed as: 𝜔-'7u<-E87´wE = {2𝐹( %/ + %.)}% $                (2.11) 
 
This predicts that for heavier atoms (and reduced bond energies), like Ge, the 
absorption peaks due to phonon absorption are shifted to longer wavelengths, and 
thus fibers of these materials can enjoy considerably lower multi phonon 
absorption. The bond energy of Si-Ge is 297 kJ/mole, Ge-Ge is 264.4 kJ/mole and 
Si-Si is 310 kJ/mole bond energy [28]. 
  27 
3. Group IV materials for IR optical fibers 
 3.1 Advantages and Applications 
Germanium-silicon alloys have been extensively studied since the days of 
Voyager I, where they were used in NASA’s radioisotope thermoelectric generator 
(RTG). Since the 1980s, the alloys were sought after for the Department of Energy’s 
(DOE) space nuclear reactor program. The challenges associated with current mid-
IR optical fiber materials have sparked recent interest in the Ge-Si alloys as 
candidate materials for mid-IR fibers [29][30]. 
Ge, Si and Ge-Si alloy have a crystalline structure, which if carefully 
fabricated, can be free of various attenuation causing sources. The theoretical loss 
attributed to just Brioullin and Rayleigh scattering is eight times smaller than that 
of silica fibers, a fact that initially sparked interest in these materials. These 
semiconductor materials have high refractive index and low extinction coefficient, 
that help in improving various fiber parameters such as increased NA, reduced 
dispersion and lower theoretical losses. Both Ge and Si have a wide mid-IR 
operating range (upto 14 µm for Ge and 8 µm for Si),  and their band gaps can be 
tailored. For these reasons, Ge-Si alloys are good candidates for IR mid-optical 
fibers.  
Ge-Si alloy optical fibers have many potential applications including 
realization of on-chip fusion of IR sensors, creation of waveguide amplifiers, active 
imagers, laser radar transceivers, multi wavelength light sources, among others.  
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 3.2 Manufacturing Methods 
Semiconductor-core mid-IR fibers can be manufactured by two processes: 
high pressure chemical vapor deposition (HPCVD) and rod-in-tube method. In 
HPCVD processing, the semiconductor material is deposited at relatively low 
temperatures by a CVD process inside silica micro-capillary templates, which act 
as both reaction chambers and cladding for the waveguide. The primary 
advantages of this technique is that multilayer deposition can be realized, leading 
to designed radial refraction index variations inside the fiber core. The 
disadvantages are lower yields, limitations, of fiber length, long processing times, 
and the need for a high temperature anneal to get crystalline fibers, which then 
tend to have fine grain sizes [26]. 
The rod-in-tube method (also known as the molten core method) is more 
popular, where the glass cladding acts as the crucible in which a core  
drilled semiconductor rod is placed and melted before being drawn into a fiber. 
This method has much higher yield and the resulting fiber cores have larger grain 
sizes. However, the higher fabrication temperature can cause problems such as 
diffusion of cladding elements into the core, microcrack formation, etc, that 
increase the losses.  
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3.3 Material Properties 
3.3.1 Thermodynamics and Kinetics details 
 
 
 
 
 
 
 
              
 
 
 
               
 
 
 Fig 3.1 : Ge-Si alloy phase diagram, showing solute segregation due   
               to non-equilibrium cooling [12]. 
 
Drawing an isothermal tie-line line in the Ge-Si alloy phase diagram (Fig. 
3.1) predicts that during solidification, in the two phase region, the concentration 
of Si is always higher in the solid than in the melt. Thus, on solidification of a Ge-
Si alloy, there is preferential segregation of Si in the solid. The phase diagram 
predicts that as the temperature is lowered, the solid will follow the solidus curve, 
implying that there is sufficient time for diffusion driven homogenization of the 
solid to occur [31]. However, as the solidification rate increases, non-equilibrium 
solidification can occur, leading to non-homogeneous grain compositions (Fig. 
3.1). However, the high rates of fiber drawing in rod-in-tube method (few meters 
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per second), dictates that the core undergoes rapid solidification [32][33].  In this 
case, the crystallization of core proceeds without the nucleation and growth 
mechanism, with a suppression of the solute segregation predicted by the phase 
diagram. This phenomenon is known as solute trapping.     
3.3.2 Electronic and Optical Properties 
Germanium and silicon have a wide optical transmittance range and very 
complex multi phonon absorption profiles, owing to their many multi phonon 
vibration modes and their anharmonic broadening of different vibrational modes. 
In Ge-Si alloy system, changing composition shifts these phonon absorption peaks, 
a fact that can be exploited to fabricate low-loss SI and GRIN alloy fibers (Fig. 3.2 
shows shifting of absorption peaks in Ge-Se-Te fibers).  
 The multi-phonon absorption spectra for Ge, Si, and their alloys are 
represented in Figs. 3.3 to 3.5. 
        Fig 3.2 : Shifting of peak to longer wavelengths in  Ge-Se-Te      
                        fiber upon decrease in Ge concentration [13]. 
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     Fig 3.3: Multi-phonon spectra for Ge, Si and their alloys. Collected from neutron  
                  scattering experiments [14]. 
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Fig 3.4: Predicted IR multi-phonon absorption spectra for Ge. Different curves show variation in  
              sample thickness (mm) [15]. 
 
Fig 3.5 : Predicted IR multi-phonon absorption spectra for Si . Different curves show variation in    
               sample thickness (mm) and temperature (K) [16]. 
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The band gap (𝐸´) of Ge-Si alloys is a function of alloy composition. The 
initial assumption that the alloy system follows Vegard’s law, i.e., 𝐸´  varies 
linearly with alloy composition holds up to a certain degree. Fig. 3.7 shows that 
the band gap versus composition is linear in two distinct regimes, and a bowing 
parameter is needed to account for the change in slope, which occurs when the 
structure of the alloy changes from Ge-like to Si-like with increasing Si 
concentration in the alloy. At low wavelengths in the IR region, the electronic 
absorption losses attributed to Ge-Si alloy fibers are because of the decreased band 
gap of the alloy. 
 
 
 
 
 
 
 
 
 
 
 
               Fig 3.6 : Energy band gap as a function of mole percentage of silicon               
                              in alloy [17]. 
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3.4 Current Research in Group IV materials IR Fibers 
3.4.1 Complications and their causes 
The ongoing research thrust in Semiconductor materials like silicon and 
germanium is due to their exceptional properties like large higher order non-
linearity and high Raman Gain coefficient. Presently, these fibers upon fabrication 
have high losses, the lowest attenuation measured to be about 1 𝑑𝐵/𝑐𝑚 for a 300 
micron diameter Ge core cane developed at Clemson University [44].  
General causes of losses in these fibers are scattering due to grain boundary 
of polycrystalline fiber, scattering from stress birefringence, precipitates, cracks & 
voids, surface roughness, diameter fluctuations and high Si and high Ge 
concentration regions in alloy fibers, which do not mix as they should and scatter 
light. Resonance losses due to impurities like oxygen, hydrogen, silicon and 
germanium oxides and other materials are a major cause of attenuation too 
[45][46][47]. 
3.4.2 Optimization suggestions 
Scattering losses due to cracks, stress and other structural causes are 
generally due to CTE mismatch between the core and cladding. Using a cladding 
glass with dopants that help in matching the expansion coefficients, can reduce 
these losses and increase the transmission window. Also, using alloy GRIN fibers 
can help in CTE matching due to the difference in CTE values of Si and Ge.  
Fiber losses are also a function of the fiber core diameter. At large core 
diameters, the density of imperfections (cracks, voids and surface roughness) 
increase, leading to increased attenuation (by about 0.1 𝑑𝐵/𝑐𝑚) due to multiple 
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frustrated total internal reflections. Decreasing the diameter causes more oxygen 
to diffuse from the cladding to core, which also increases the losses. This, there is 
an optimal diameter, which will be explored by simulations in this study. Losses 
are, as discussed previously, also wavelength dependent. Operating in the 4-8 𝜇𝑚 
wavelength regime will help in surpassing the resonance losses due to various 
contaminant species, as most of them have multiple harmonics that are generally 
below 4 𝜇𝑚  [21][26]. 
Using oxygen getter materials and diffusion barriers at core-cladding 
interface can reduce the diffusion of oxygen to the core. Also, (photo) thermal or 
laser annealing of a post drawn alloy-core fiber can increase the grain size of the 
core significantly while homogenizing the core composition, thus reducing losses 
[12].  
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4. Electromagnetic Finite Element Analysis 
4.1 Basics 
Finite element analysis (FEA) is a numerical simulation technique, 
developed first for the use in civil and mechanical engineering fields, where the 
body of interest (a bridge or an optical fiber in this study) is divided into smaller 
mesh elements, to arrive at an approximate solution by a weighted sum of basis 
functions [36]. 
Dividing the system into mesh elements segmented by nodes, each with a 
limited degree of freedom in their vicinity, the properties of the mesh can be 
altered to change the accuracy and precision of the results. The governing 
differential equations, the boundary conditions and equations are solved for each 
node of an element, and these results are integrated over all the elements to get the 
result. FEA uses the concept of piecewise polynomial interpolation, whereby, by 
connecting elements together, the field quantity becomes interpolated over the 
entire structure in piecewise manner. 
 The characteristic eigenvalue equation of cylindrical waveguide (Equations 
1.7 and 1.22) is broken down into linear algebraic form, {𝑃𝑟𝑜𝑝𝑒𝑟𝑡𝑦}{𝐵𝑒ℎ𝑎𝑣𝑖𝑜𝑟} ={𝐴𝑐𝑡𝑖𝑜𝑛}, where the behavior (the eigenvalue of the equation) is solved for each node 
and each mesh element. The PDEs are dealt with in their linear algebraic forms for 
each node and element. Approximating the input electromagnetic field by a 
simpler function, equations listed in Section 1.2 (Optical Waveguide Theory) are 
solved. 
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There are five different types of applied boundary conditions that can be 
used in FEA simulations. The Dirichlet condition assumes a fixed value for the 
solution on the boundary, typical of fixed or equipotential surface problems. The 
Neumann boundary condition sets a fixed value for the derivative in the normal 
direction to the boundary, applicable to field symmetry or fixed flux problems. A 
modified form of the Neuman boundary is the Robin boundary condition, where 
the constant is replaced by a linear function of the local solution, typically 
applicable to convection problems. The fourth kind is the periodic boundary 
condition, which is applied when field and geometric symmetries are to be 
maintained. The last condition, called the floating boundary condition, assumes a 
single value for boundary, which is yet to be determined.  
Figure 4.1 depicts the general shape for a 2-D mesh of a FEA problem.  The 
meshing used in this study for the optical fibers are shown in Figure 4.2. The 
elements are optimized in shape and size for accuracy. 
FEA can handle very complex geometries and can scale down the problem 
from 3-D to 2-D without compromising the solution. Multi-physics problems such 
as optical fibers, involve material properties, EM wave propagation, and modal 
analysis can be handled quite well with this method.  
The shortcomings of FEA include the calculation of only approximate 
solutions, which are dependent on the initial assumptions made about the 
electromagnetic field at each element. Typically, this field is assumed to be a 
polynomial over an element (e.g., the voltage across an element, is approximated 
as: 𝑉<(𝑥, 𝑦) = 𝑎 + 𝑏𝑥 + 𝑐𝑦 + 𝑑𝑥𝑦). Also, FEA uses simple integration techniques such 
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as Gauss quadrature. FEA works on the principle of ‘Garbage-in-garbage-out’, that 
is, the results from the simulation are as good as the inputs to the system. Thus, a 
constant check on the results is required. FEA typically requires a lot of computer 
memory, which can be bypassed by making the mesh elements coarser. 
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Fig 4.1 : A typical finite element subdivision of an irregular domain 
Fig 4.2 : The mesh generated by COMSOL Multiphysics for GRIN and SI fiber simulations in this           
                study.  
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4.2 COMSOL and Simulation Setup 
COMmon SOLution Multiphysics [36][37], is a popular FEA analysis tool, 
and applied across many engineering and science fields. COMSOL Multiphysics 
has various modules, each having their solver engines that can be integrated with 
a materials library to simulate physical processes in areas like micro electro 
mechanical systems (MEMS), chemical reactors, electromagnetics (EM), etc. 
COMSOL, which has been used in this study has three modules available for EM 
problems; AC/DC, Wave Optics and RF. The RF module was chosen for this 
study, where the system is a few hundred microns (fiber diameter) and the 
operating wavelength is a few microns. For the modal analysis, the 
Electromagnetic Frequency domain analysis solver was used.   
Since the fibers have geometry symmetry, the mesh element sizes have to 
be very small (~ 700,000 Degrees of freedom for mesh elements are solved at each 
run of the simulation) and the complexity is very high, a 2-D slice analysis was 
used, assuming the fiber to be uniform and infinite along the axial direction.  
The geometry of the fiber can be exported from a computer aided design 
(CAD) model, or constructed directly in the integrated development environment 
(IDE) of COMSOL Multiphysics. For the SI and GRIN fibers, the geometries were 
constructed out of concentric circles in the IDE itself. The materials library was 
used for the program to access the electrical and optical properties of the core and 
cladding materials over the spectral range of interest. Next, the mesh and EM 
Frequency domain analysis solver were programmed. Finally, the operating 
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wavelength and the properties to be simulated (attenuation, electrical field 
components, wave-vector and others) were programmed to run the simulations.   
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5. Model Validation 
5.1 Literature Data 
Published results in the 2016 COMSOL Conference proceedings paper on 
the design of mid-IR multi-material fibers [18] by researchers from Pennsylvania 
State University and Cornell University were reproduced in this study for model 
validation. The paper simulated the losses in a Ge core fiber with a silica cladding 
for a range of core diameters as a function of wavelength in the ~2-10 µm range. 
In addition, the paper also explored the effect of adding a 2 µm thick ZnSe ring 
around a 6 µm Ge core.  
Figure 5.1 shows the loss date for the Ge core fibers reported in the paper 
[18]. For accurate comparison, the WebPlotDigitizer software was used to get the 
exact attenuation values in the published plot, and the published data is replotted 
in Fig. 5.2.  
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    Fig 5.1 : Wavelength dependent losses in Ge core fiber for different core diameters as  
                      published in Ref. 18. 
 
 
 
 
 
 
 
 
   
 
 
Fig 5.2: Published results from Ref. 18 for diameter variation and addition of ZnSe  
                     interlayer, replotted using WebPlotDigitizer-software. 
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5.2 Replication and Explanation of results 
To construct the simulation, the dispersion data of the materials used in the 
fiber are needed at room temperature for the Mid-IR range of interest. Data for 
wavelength dependent dispersion at 293K for Ge was obtained from Li (1980)[38], 
while that for Si was obtained from Kischkat et al. (2012) [39]. The data for ZnSe 
was obtained from Querry (1987) [40]. Since the published paper [18] did not add 
a layer of air atmosphere outside silica cladding, the air atmosphere was not added 
for the initial verification simulations. An air atmosphere was added in all models 
in this study beyond the validation simulations. Figures 5.4 to 5.7 show the 
simulations obtained for 4 µm, 6 µm, and 10 µm Ge core fibers as well as the 6 µm 
Ge core surrounded by a 2 µm ZnSe ring. The literature data points [18] are plotted 
alongside the validation simulation results of this study. The figures show 
excellent agreement of the simulations in this study with the published data 
points, thereby validating the approach used in this study. 
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   Fig 5.3: Loss variation for Ge core (single material) and Ge core with ZnSe with    
                optical wavelength, simulated in this study. 
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     Fig 5.4: Comparison of results for 4 micron diameter Ge fiber. 
Fig 5.5: Comparison of results for 6 micron diameter Ge fiber. 
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   Fig 5.6: Comparison of results for 10 micron diameter Ge fiber.   
 
 
 
 
 
 
 
 
Fig 5.7: Comparison of results for 4 micron diameter Ge fiber with 2 micron ZnSe interlayer. 
  
Fig 5.7: Comparison of results for 4 micron diameter Ge fiber with 2 micron ZnSe  
              interlayer.  
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It should be noted that the paper [18] only calculated the losses at a few 
wavelengths, and the results of the simulation in this study was an excellent match 
with the published results. However, the simulations in this study were run at a 
smaller step size for wavelength variation. The results of this study suggests a 
more intricate loss variation with wavelength where there is a peak in the losses 
towards the higher end of the wavelength range studied. 
Losses increases at longer wavelengths primarily due to two reasons, First, 
at longer wavelengths, the evanescent wave extends deeper into cladding region. 
Second, silica, (the cladding material) has an increasing extinction coefficient at 
longer wavelengths and also has a sudden change in refractive index at longer 
wavelengths due to resonance effects. As the core size decreases, the evanescent 
wave penetrates deeper into the cladding and out of the core. Also, at about 9.5 𝜇𝑚, there is an absorption peak due to sudden changes in refractive index and 
extinction coefficient of silica cladding, which provides an explanation of the peak 
in attenuation at that wavelength for all core sizes (Figs. 5.4-5.6). Adding the ZnSe 
layer to the fiber helps in matching the refractive index of core and its immediate 
surrounding. Also, ZnSe has a low extinction coefficient. These two factors help in 
confining the optical power to the core in a more efficient manner, thus reducing 
the losses.                    
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6.  Ge, Si and Ge-Si Alloy fibers 
The results of the simulations in the previous chapter suggests that placing 
an interlayer between the core and cladding made of a material with properties 
similar to the core (like refractive index, extinction coefficient and CTE) decreases 
the attenuation by confining the power in the core more efficiently. This suggests 
that alloys of Group IV materials, such as Ge-Si alloys would be worth exploring.  
In order to simulate an optical fiber with an alloy core, the alloy properties 
as function of wavelength of and alloy composition is needed. This is explored in 
the next section. 
6.1 Analysis of Ge-Si Alloy 
Refractive index of a material is related to its permittivity as shown by 
equation A-2 in the appendix. The extinction coefficient, which is the imaginary 
part of the refractive index, encodes information about various kinds of losses an 
EM wave undergoes while traveling in a medium [41]. The decay in the intensity 
of a traveling wave in a medium is proportional to e𝑥𝑝[−𝜔(Ì(O)' )𝑘. 𝑟], which defines 
the attenuation constant, 𝛼(𝜔), as: 
𝛼(𝜔) = 2 OÌ(O)'       (6.1) 
 
Formal calculation of the attenuation coefficient entails finding the 
Hamiltonian describing the interaction of oscillating species in the alloy with the 
EM field, that leads to the electron wave-function (Bloch Function) modified using 
standard first order perturbation theory. This can then be used to get the electron 
charge density and dipole density which will in turn lead to the permittivity of the 
  50 
alloy, thus giving the complex refractive index and attenuation coefficient [43]. 
This method is quite complicated. A simpler approach is to use the Kramers-
Kronig relations, which has been adopted in this study. 
Changing the alloy composition will change the direct and indirect 
absorption peaks for electronic absorption and also shift the phonon absorption 
peaks. This information can be sought by knowing the attenuation constant and 
then using the principles of the Linear Response Theory (Causality and Real-
Stimuli-Real-Response) to realize the interdependency of the real and imaginary 
parts of the refractive index. Thus, if one is found experimentally, the other can 
obtained analytically. Analyzing the crystal in the first Brillouin Zone with 
Polarization 𝑃 and Band energy E in k-space, for all bands, gives: 
𝛼(𝜔) = (;o)$( baO-')∑T,22×∫ÒDÓ u¿;($)¿ |𝑃T2. 𝑧|$[𝑓2(𝑘) − 𝑓T(𝑘)]𝛿(𝐸T(𝑘) − 𝐸2(𝑘) − ℏ𝜔)      (6.2) 
The Kramers-Kronig relations for refractive index and extinction coefficient: 
𝑛(𝜔9) = 1 + 2𝜋 ∫9{ 𝜔𝜅(𝜔)𝜔$ − 𝜔9$ 𝑑𝜔 𝜅(𝜔9) = − $O ∫9{ -(O)O.+Oa. 𝑑𝜔      (6.3) 
can be derived and solved, by involving the band gap energy of material and 
energy of photon or its wavelength. 
The analysis of Ge-Si alloys by Miceli and Naughton [35] uses this 
approach, but incorrectly assumes that the refractive index is determined by the 
indirect band-gap energy of the alloy. 
Zettler et al. [19] fabricated Ge-Si alloy graded refractive index material and 
applied Kramers-Kronig relations to their Fourier-transformed experimental 
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ellipsometric spectra. Using an extrapolation scheme above the high-energy limit 
of the measured data, they got an expression for real part of refractive index as a 
function of alloy composition and energy of optical light. The energy dependence 
for n in Kramers-Kronig relations gives: 
 𝑛(𝐸9) = 1 + $ ∫9{ MÌ(M)M.+Ma. 𝑑𝐸      (6.4) 
where, the value of n at a particular photon energy E depends on whole extinction 
spectrum, 𝜅(𝐸). 
They studied the IR absorption over a wide wavelength range and alloy 
composition, and observed several two-phonon absorption bands [42], as shown 
in Fig. 3.3. Furthermore, they observed a maximum extinction coefficient of 0.006, 
at high energies, as expected for Ge-Si alloys, and incorporated that data in their 
analysis. 
For photon energies in the range of 0 to 0.5 eV (𝐸9), Zettler et al. [19] derived 
the refractive index dependence but ignored the extinction coefficient dependence. 
The relationship of the refractive index to the wavelength and alloy composition, 
as suggested by Zettler et al. [19] is used for this study. This relation can be 
expressed as: 𝑛(𝜒7, 𝐸9) = 4.01 − 0.81𝜒7 + 0.22𝜒7$ + 𝐸9$(0.216 − 0.211𝜒7 + 0.089𝜒7$ )  
Fig. 6.1 shows this dependence as a 3-D plot.  
 For simulations in this study, both dependencies are need for sensible 
results. The relationship between extinction coefficient, photon energy, and alloy 
composition, were approximated by three functions by us, according to conditions 
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of the band-gap and Kramers-Kronig relations. The function that gave the best 
results in terms of fit with experimental data on extinction coefficients of Ge-Si 
alloys was found to be: 
𝑘(𝜒7, 𝐸9) = (0.119488 − 0.251791𝜒7 + 0.132866𝜒7$ )𝐸9($.Ý9Þ+9.Â¨$Â¾Þßàµ.ÂÂ$9Ýßàµ. )             
Fig. 6.2 shows this relationship as a 3-D plot. 
Fig. 6.3 and Fig. 6.4 compare experimental and the derived expressions’ 
values of refractive index for various Ge-Si alloy compositions. Similarly, Fig. 6.5 
and 6.6 compare extinction coefficients of experimental and analytical data 
derived from expression for alloy compositions. 
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Fig 6.1 : Refractive index variation with photon energy and alloy composition according to the derived  
               relation. 
Fig 6.2 : Extinction coefficient variation with photon energy and alloy composition according to the  
               derived relation. 
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         Fig 6.3 : Experimentally obtained data of refractive index for various Ge-Si  
                          alloy compositions [19]. 
Fig 6.4 : Refractive index variation with photon energy for different alloy composition as             
               dictated by the expression. 
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Fig 6.5 : Experimentally obtained data of extinction coefficient for various Ge-Si  
 alloy compositions [19]. 
Fig 6.6 : Extinction coefficient variation with photon energy for different alloy composition as    
               dictated by the derived expression. 
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The range of photon energies relevant for Mid-IR fibers is between 0.05 eV 
and 0.8 eV. Fig. 6.3 shows the experimental results on the dependence of n on 
photon energy and alloy composition as reported in the literature [19], while Fig. 
6.4 shows the same variation calculated by Eqn. 6.5 over a photon energy range of 
0-2eV. Similarly, Fig. 6.5 shows the experimental results of the variation of the 
extinction coefficient with photon energy and alloy composition reported in the 
literature [19], while Fig. 6.6 shows the same variation calculated by Eqn. 6.6 in the 
range of 0-2 eV photon energy.  These figures show a good match between the 
experimental and calculated values of refractive index and extinction coefficients 
in the range of interest of photon energies. Data generated by Eqns. 6.5 and 6.6 
were also compared to experimental data on refractive index and extinction 
coefficient reported by Jellison et al. [10] for different Ge-Si compositions. 
Although the reported data is in the wavelength range of 0.24 to 0.84 𝜇𝑚 , the 
calculated values agreed with the reported data. 
6.2 Ge Core Fiber 
Using the relationships derived in section 6.1 for refractive index and 
extinction coefficient variation with photon energy and alloy composition, Ge core 
material properties were used as input in the model and losses in Ge core fibers 
for two core diameters of 20 µm and 40 µm, were simulated. Figure 6.7 shows the 
geometry of the 40 µm core fiber. 
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Fig 6.7 : Structure of Ge fiber. All dimensions are in microns. 
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Fig 6.8 : Loss as function of wavelength for Ge core fiber for two core sizes, where the second  
              graph zooms-in on wavelength range 4-7 microns. 
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The results of the simulation are presented in Fig. 6.8, where the second plot 
is a zoom-in for the results in 4-7 µm range. The figure shows that at wavelengths 
below 4 µm, the losses are pretty much independent of the core diameter. At 
wavelengths larger than 4 µm, the losses in the 20 µm diameter is higher, with the 
differences being more and more significant at longer wavelengths. This can be 
attributed to more energy being lost as evanescent waves in the cladding at longer 
wavelengths in the smaller diameter fiber. In both cases, as the wavelength 
decreases below 5 µm, the losses increase, due to the electronic absorption tail. At 
higher wavelength, both fibers have peaks in losses at about 10 and 13 microns. 
These peaks can be attributed to abrupt changes in refractive index and extinction 
coefficient of silica at 9 and 12.5 𝜇𝑚 wavelengths (Fig. 2.4). These peaks are more 
pronounced for the smaller diameter fiber due to increase in evanescent wave in 
the cladding. 
The normalized power flow time average of the two fibers at 6 µm 
wavelength is shown in Figs. 6.9 (z-component).  Figure 6.10 compares the 
normalized electric fields norms in the two fibers at 6 µm wavelength. The figure 
shows that the 40 µm diameter fiber confined the optical power better than the 20 
µm diameter fiber. Fig. 6.11 shows the power dissipation density distribution and 
Fig. 6.12 shows the wave number variation across the 40 µm diameter fiber at 6 
µm. The wave number across the fiber was found to be nearly the same for both 
fibers. Both figures 6.11 and 6.12 were simulated for 6 µm wavelength of light. 
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              (a) 
 
 
 
 
 
 
 
 
 
  
(b) 
 
 
 
 
 
 
 
 
 
                
 
 
Fig 6.9 : Comparison of normalized power-flow-time-average (z) for  
(a) 20 micron diameter, and (b) 40 micron diameter Ge core fibers. 
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  (b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 6.10 : Comparison of normalized electric field norm through optical fiber for  
                                  (a) 20 micron diameter, and (b) 40 micron diameter Ge core fibers. 
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Fig 6.11 : Power dissipation density for 40 micron diameter Ge core optical fiber. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 6.12 : Wavenumber variation for 40 micron diameter Ge core optical fiber. 
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6.3 Silicon Core fiber 
Simulations for Si core fibers were carried out in the 2-10 µm wavelength 
range since Si is practically transparent only in this Mid-IR region. The n values 
for Si used in the simulations were taken from Li [38] (1980, 293 K sample). For 
extinction coefficients, values were derived from Eqn. 6.6. A 40 𝜇𝑚 core diameter 
Si fiber was used for the simulation to enable direct comparison to the 40 𝜇𝑚 core 
diameter Ge fiber. Fig. 6.13 shows the geometry of this fiber. 
    
 
 
 
 
 
 
 
 
 
 
Fig 6.13 : Structure of Si fiber. All dimensions are in microns. 
 
 
 
 
  64 
        Fig 6.14 : Loss as a function of optical wavelength for 40 micron diameter core silicon  
                          and germanium optical fibers. 
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Fig. 6.14 compares the losses in the Si and Ge optical fibers. The Si fiber has 
a region of minimum attenuation in the 6-8 micron wavelength range. The 
increasing loss at longer wavelengths can be attributed to the evanescent wave 
leaking into cladding, increased attenuation in silicon at longer wavelengths and 
refractive index & extinction coefficient change in silica at longer wavelengths. 
When the losses were simulated for even higher wavelengths, they showed a peak 
at wavelengths greater than 10 µm (as in the case of Ge). However, since the actual 
values at this peak was very high, and the location was outside the transparency 
window of Si, the results beyond 10 µm are not reported here.  
At lower wavelength, the electronic absorption tail dominates and at higher 
wavelengths, evanescent wave absorption dominates. The performance of Ge core 
fiber was better than Si core fiber, as shown by the simulation results. The order of 
magnitude of the extinction coefficients of Si was, is on the average around 10+Þ, 
yet higher losses than predicted by Ballato et al. [26] were obtained in this 
simulation. Ballato et al. [26] based their simulations on extreme extrapolation of 
just the multi-phonon absorption curves for bulk Si and Ge materials. In reality, 
after drawing a bulk material into a fiber core, there are significant increases in 
losses due to many intrinsic absorption processes in Si that add to the total 
attenuation of optical fiber. The loss profile simulated here mirrors both 
experimental and theoretical models [44][45][46].  
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7. Modeling and Simulation of Alloy Fibers 
7.1 Step Index model 
As observed, adding a layer of lower refractive index material (ZnSe in the 
previous simulation) to the Ge core to make a Step Index (SI) fiber, reduces the 
losses. A material with an approximately similar refractive index and extinction 
coefficient with Ge core is thus a good choice. The refractive index of ZnSe is about 
2.5 and that of Ge about 4.1. A Ge-Si alloy interfacial layer between Ge core and 
Silica cladding is worth exploring. The 50 at% Ge- 50 at% Si alloy, has a refractive 
index ~ 3.5, which is between the values for Ge and silica. Simulation of such a SI 
fiber using COMSOL requires the properties of the Ge-Si alloy. For the values of n 
and extinction coefficient, Eqns. 6.5 and 6.6 were used.  Other material parameters 
for the alloy were assumed to follow Vegard’s law. 
We will compare losses of the Step-Index fiber to Ge core fiber, both having 
40 𝜇𝑚 diameter Ge core. To see the affect of geometry change on the losses of the 
Step-Index fiber, we will compare core diameters of 20 and 40 𝜇𝑚 and the alloy 
layer’s dimension change. 
7.1.1 Structure 
In order to directly compare losses in the SI fiber to the simple Ge core fiber, 
the Ge core diameter of the SI fiber was kept at 20 µm and 40 𝜇𝑚, as in the case of 
the Ge core fibers. Fig. 7.1 shows the fiber geometry, with the Ge inner core, 
surrounded by a ring of Ge-Si alloy (50 at% Si composition) surrounded by a silica 
cladding. The fiber is surrounded by air. Fig. 7.2 shows the size variations in the 
mesh elements in the SI fiber. 
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Fig 7.1 : Structure of  SI alloy fiber. All  
               dimensions are in microns. 
Fig 7.2 : Mesh element size variation  
              across the fiber. All dimensions are   
              in microns. 
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7.1.2 Attenuation variation with Wavelength            
Fig. 7.3 shows the results of the simulations comparing the wavelength 
dependent losses in the 40 µm core Ge fiber to the SI fiber. The results are 
discussed in Sec. 7.1.5. 
 
Fig 7.3 : Loss as a function of optical wavelength for 40 micron diameter core SI alloy  
                        and germanium optical fibers. 
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7.1.3 Geometry Optimization 
Fig. 7.4 shows the effect of geometry in the SI fibers, by changing the Ge 
core  diameter in the SI fiber from 40 to 20 µm. The results are discussed in Sec. 
7.1.5. 
          Fig 7.4: Loss as a function of optical wavelength for 20 and 40 micron core diameter SI     
                        alloy fiber. The losses decrease by 0.2-4 dB/m for 40 micron fiber. 
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7.1.4 Appended Results    
Fig. 7.5 shows the normalized EM power loss for the 40 µm Ge core SI fiber 
at 6 and 10 µm wavelengths, which correspond to increased losses at lower 
wavelengths for Step-Index fiber. Fig. 7.6 shows normalized EM norm field plots 
for the 40 µm Ge core SI fiber for wavelengths of 2, 6 and 10 µm. These results are 
discussed in the next section. 
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Fig 7.5 : Normalized EM power loss density for 40 micron core diameter SI   
               fiber at optical wavelengths of (a) 6 micron, and (b) 10 micron. 
  
(b) 
(a) 
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 (b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 (c) 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 7.6 : Normalized electric field norm plots for 40 micron core diameter Step Index  
               fiber at optical wavelengths of (a) 2 micron, (b) 6 micron, (c) 10 microns. 
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7.1.5 Explanation of Results 
Fig. 7.3, shows that the losses incurred in the SI fiber is less than in the 
simple Ge core fiber at longer wavelengths, and is about 50 dB/m less for 
wavelengths below 8 𝜇𝑚, and this decrease is even more pronounced at high loss 
peaks of Ge core fiber (10 and 13 𝜇𝑚). The peaks seen in Ge fiber are not observed 
in the SI fiber. Also, the attenuation decreases monotonically in the SI fiber as the 
operating wavelength increases. When the Ge core diameter of the SI fiber was 
changed from 20 to 40 𝜇𝑚, there was a minute decrease in loss of about 0.2–4 dB/m 
across the operating wavelength (Fig. 7.4).  
The lower losses in SI fibers compared to Ge fibers can be attributed to 
better matching of the Ge core and the immediate next layer, thus confining optical 
power more efficiently in the core to give lower losses for the SI fiber. The missing 
peaks in SI fiber can be explained by the fact that since optical power in better 
confined in the SI fiber compared to simple Ge core fiber, thus the evanescent field 
has minimal interaction with silica cladding and hence it does not undergo the 
excessive attenuation due to refractive index & extinction coefficient changes in 
silica at those wavelengths (~ 9 and 12.5 𝜇𝑚) .Also, the extinction coefficient of the 
alloy material decreases more rapidly with increasing wavelength than for pure 
Ge. There is similarity in optical properties of the inner Ge core and the 
intermediate Ge-Si alloy layer in the SI fiber. For these two reasons, the inner Ge 
core and the surrounding alloy ring behaves like a larger pseudo core. Figure 7.6 
shows that as the operating wavelength increases, the evanescent wave increases 
and penetrates the alloy layer deeper for longer wavelengths. Figure 7.5 shows 
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that as wavelength of light decreases, more optical power is lost. These two figures 
reflect the shape of the attenuation plot for the step index fiber supporting the 
explanation of lower attenuation at higher wavelengths. Due to the presence of the 
alloy ring which behaves as a pseudo core, changing the Ge core diameter in the 
SI fiber from 40 to 20 𝜇𝑚 does not change the attenuation much. The presence of 
the alloy ring, restricts the field mainly in the pseudo core and keeps it away from 
the silica cladding for both cases.  
 
7.2 GRIN Model 
Step Index alloy fibers showed significant improvements in attenuation and 
optical power confinement compared to simple Ge core fibers. This suggests that 
Graded Refractive INdex (GRIN) structures based on Ge-Si alloys are worth 
exploring. A true GRIN fiber requires a continuous radial variation in refractive 
index and extinction coefficients, which introduces significant computationally 
difficulties. A simpler computation approach is to consider a multi-step optical 
fiber made of discrete concentric layers of uniform composition with nearly 
monotonically changing compositions across adjacent layers. 
7.2.1 Structure 
Fig. 7.7 shows the geometry of a GRIN fiber. The inner core is Ge, 
surrounded by concentric rings of Ge-Si alloys with Si contents (in at %) of 0.11, 
0.25, 0.5, 0.75, 0.98 and 1, respectively going radially outwards. A silica cladding 
surrounds the graded index alloy region, and the entire fiber is surrounded by air. 
In this study, the losses in GRIN fiber will be compared to those for SI fibers. To 
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optimize the geometry and alloy material variation across the fiber, the study will 
examine the effects of changing the core size and the thickness of each alloy layer. 
 Fig 7.7 : Structure of  GRIN Alloy fiber. The thickness of each alloy layer is 6  
                microns in this case. All dimensions are in microns. 
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7.2.2 Attenuation variation with Wavelength 
Fig. 7.8 shows the results of the simulations comparing SI and GRIN fibers. 
The results are discussed in Sec. 7.2.5. 
 
 
 
 
 
 
 
 
 
 
 
 
          Fig 7.8 : Loss as a function of optical wavelength for Step Index and GRIN alloy fibers. Both            
                         fibers have a core diameter of 40 micron diameter. The GRIN fiber’s alloy layers are all  
                         one micron thick. 
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7.2.3 Geometry Optimization 
Fig. 7.9 shows the effect of geometry in the GRIN fibers, by changing the 
inner Ge core diameter of the GRIN fiber from 40 to 20 to 8 µm. Each concentric 
alloy layer is set at 1 µm. Fig. 7.10 shows the effect of changing the thickness of 
the alloy layers in the GRIN fibers from 1 µm to 3 µm to 6 µm, while keeping the 
inner Ge core diameter constant at 8 µm. Figure 7.11 shows the effect of changing 
the thickness of the alloy layers in the GRIN fibers from 1 µm to 3 µm to 6 µm, 
while keeping the inner Ge core diameter constant at 20 µm. Finally, Fig. 7.12 
shows the effect of changing the thickness of the alloy layers in the GRIN fibers 
from 1 µm to 3 µm to 6 µm, while keeping the inner Ge core diameter constant 
at 40 µm. The results are discussed in Sec. 7.2.5. 
Fig 7.9 :Loss as a function of optical wavelength for different core diameter sizes of GRIN alloy             
             fiber. The GRIN fiber’s alloy layers are all one micron thick for all three core sizes. 
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Fig 7.10 :Loss as a function of optical wavelength for different alloy layer thicknesses for 8 micron     
                core diameter GRIN alloy optical fiber. 
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Fig 7.11 : Loss as a function of optical wavelength for different alloy layer thicknesses for 20  
               micron core diameter GRIN alloy optical fiber. 
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      Fig 7.12 :Loss as a function of optical wavelength for different alloy layer thicknesses for 40    
                     micron core diameter GRIN alloy optical fiber. The 6 micron and 3 micron alloy  
                    thickness fibers have very small difference (0.2-2 dB/m) in losses. 
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7.2.4 Appended Results 
Fig. 7.13 shows the EM power loss density for the 8 µm Ge inner core 
diameter GRIN fiber with alloy layer thicknesses of 1 µm, 3 µm, and 6 µm later 
thicknesses at 6 µm wavelengths. Fig. 7.14 shows the energy density time 
average plot for a 40 µm Ge core GRIN fibers with 1 µm layer thickness at 6 µm 
wavelength. Fig. 7.15 shows the normalized electric field norm plot for a 40 µm 
Ge core GRIN fibers with 1 µm layer thickness at 6 µm wavelength. Finally, Fig. 
7.16 shows the wave number plot for a 40 µm Ge core GRIN fibers with 1 µm 
layer thickness at 6 µm wavelength. These results are discussed in the next 
section. 
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 (a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 (b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 (c) 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 7.13 : Normalized EM power loss density for 8 micron core diameter fiber for alloy layer    
                 thickness (a) 1 micron, (b) 3 micron and (c) 6 micron. The operating wavelength is 6  
                 micron. 
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Fig 7.14 : Energy-density-time-average plot for 40 micron diameter core GRIN fiber with 1   
                 micron thickness of each alloy layer. The operating wavelength is 6 microns. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 7.15 : Electric field norm plot for 40 micron diameter core GRIN fiber with 1 micron thickness   
                 of each alloy layer. The operating wavelength is 6 microns. 
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Fig 7.16 : Wave number plot for 40 micron diameter core GRIN fiber with 1 micron thickness of    
                each alloy layer. The operating wavelength is 6 microns. 
 
7.2.5 Explanation of Results 
The GRIN fiber loss results mirror those of SI fibers without the absorption 
peaks seen in Ge core fibers. Due to better optical power confinement and material 
matching in GRIN fibers, lower loss values were seen. The high attenuation peaks 
seen in simple Ge core fiber were not seen in GRIN fiber too. Because of Ge-Si alloy 
layers, the evanescent field is better confined to the pseudo core and has minimal 
interaction with silica and hence the GRIN fiber does not show the high 
attenuation peaks attributed to silica.  
On decreasing the core diameter from 40 to 8 𝜇𝑚 (figure 7.10), the losses 
increase significantly due to light escaping the core and being lost as radiation and 
evanescent field. When the thickness of alloy layers the changed from 1 𝜇𝑚 to 6 𝜇𝑚, the losses increased by a small amount, for all three core diameters (Figs. 7.11-
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7.13). As seen from the EM power loss density plots for the 8 𝜇𝑚 core diameter 
fiber with changing alloy layer thickness (Fig. 7.14), most of the optical  power is 
being lost at the Ge core and the first alloy layer (11% Si). The thicker this layer, 
the more attenuation light undergoes. This is likely due better confinement of the 
evanescent wave for the 1 𝜇𝑚 thickness layers, which in turn gives lower losses. 
For the 40 𝜇𝑚 core diameter fiber, changing the alloy layer thickness from 3 to 6 𝜇𝑚 (figure 7.13) has negligible effect, as the core size is large enough to contain 
most of the optical power and not much signal is lost in the thicker alloy layers.                  
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8. Conclusions and Future work 
The simulations carried out in this study show that the Graded Refractive 
index Ge-Si alloy fibers performed better than either Step-Index alloy fibers or 
single material core (Ge or Si) fibers. The material and refractive index profile for 
the GRIN fiber should be steep (i.e., for discrete changes in composition, the 
separation between alloy layers should be small). The core size should be large (~ 
40 𝜇𝑚) so the attenuation is low. 
The optimum operating Mid-IR wavelength for Ge or Si core single material 
fibers is between 2-8 𝜇𝑚 for Ge and 5-7 𝜇𝑚 for Si. The alloy fibers on the other 
hand, can be operated at even higher wavelengths and over a longer range of 
wavelengths, with lower losses than the single material core fibers.  
Future directions include investigation of other causes of losses in practical 
fibers due to the presence of grain boundaries, impurities, and microcracks in the 
core and incorporate them into the simulations. These losses can be reduced, but 
likely cannot be completely eliminated by improved fiber fabrication methods.  
A more intricate analysis of the multi-phonon absorption processes and 
extinction coefficient variation for alloys can also be carried out to make the 
modeling more robust. 
  
  87 
Appendix A:  Refractive Index    
Refractive index encapsulates the optical path an EM wave will encounter. 
It is traditionally defined as phase velocity of light in vacuum to phase velocity of 
light in the medium. Refractive index can a complex number, where the imaginary 
part, 𝜅 , called extinction coefficient, gives information about the attenuation a 
propagating EM wave goes through [43]. 
 A-1 
 A-2 
Here equation A-2 relates  to the relative permeability and relative permittivity 
and since optical fiber materials are generally nonmagnetic, relative permittivity 
is the parameter of importance, with its real and imaginary parts. The real part of 
?˜?  deals with the phase velocity of EM wave and the imaginary part to the 
absorption coefficient of an attenuated EM wave. 
The absorption coefficient, 𝛼, is defined in terms of field intensity as            
 𝐼(𝑧) = 𝐼9𝑒+W           A-3 
In terms of extinction coefficient, 𝛼 = 2𝑘9𝜅. 
Refractive index helps us solve the Maxwell equations for the optical 
waveguide and thus find properties like losses, dispersion etc. of the fiber. When 
an EM wave interacts with a material, the fields of that wave oscillate the charges 
(fixed electron cloud or free electron gas and the positive kernels) which absorb 
the incoming wave and reemits it after interacting with their surroundings and 
this gives birth to refractive index in dielectrics (fixed electron cloud around heavy 
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(fixed electron cloud or free electron gas and the positive kernels) which absorb 
the incoming wave and reemits it after inte ng with their surr undings and 
this  gives  birth  to  refractive  ind  in  dielectrics  (fixed electron cloud around
heavy  charges  and  thus  negligible  conductivity),  metals  (free  electron  gas 
surrounding fixed charges and thus high conductivity) or semiconductors. Thus 
various models like Lorentz’s model for dielectrics, Drude’s model for metals etc. 
give  us  information  abo  properties  of     and  how  to  understand  other 
phenomenon using   . 

 Lorentz’s model for dielectrics
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Where,  Plasma  frequency,  !  ,     is  natural  frequency  of  charge’s 
motion,    the damping rate of frictional force experienced by vibrating charges 
and    the frequency of input light. If the frequency of the input light approaches 
  , the charges experience resonance and thus    approaches very large values.
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charges and thus negligible conductivity), metals (free electron gas surrounding 
fixed charges and thus high conductivity) or semiconductors. Thus various 
models like Lorentz’s model for dielectrics, Drude’s model for metals etc. give us 
information about properties of  and how to understand other phenomenon 
using . 
Lorentz’s model for dielectrics 
 𝜀T i(𝜔) = 1 + 𝜔]$. Oa.+O.Oa.+O. .O.á.   (A-4) 
 𝜀T ii(𝜔) = 𝜔]$. OáOa.+O. .O.á.   (A-5) 
Where, Plasma frequency, 𝜔]$ = <.baoº , 𝜔9 is natural frequency of charge’s motion, Γ 
the damping rate of frictional force experienced by vibrating charges and 𝜔 the 
frequency of input light. If the frequency of the input light approaches 𝜔9, the 
charges experience resonance and thus 𝜅 approaches very large values. 
  
Drude’s model for metals 𝜔9 =0 for this model and conductivity (𝜎) is also important of metals. 
 (A-6) 
 
Also,                         
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Drude’s model for metals

  0 for this model and conductivity (   ) is also important of metals.
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Also,  ! ,  where  !  ,        Mean collision rate  or 
moment scattering time and    is DC conductivity.

Real  atoms  have  numerous  electron  levels,  which  implies  many  electron 
resonance points. Thus a generalized model for real-life dielectrics and metals is,

! ,  where     relates  to  material’s 
natural frequency and susceptibility.

For  practical  considerations,  we  use  empirical  approximations  like  Sellmeir 
equation, which is,

!   ,  where  the  constants     are  extracted  from 
experimental data and modeling. 
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 Real atoms have numerous electron levels, which implies many electron 
resonance points. Thus a generalized model for real-life dielectrics and metals is, 
 
where 𝑓o relates to material’s natural frequency and susceptibility. 
 For practical considerations, we use empirical approximations like Sellmeir 
equation, which is, 
 
where the constants 𝐴, 𝐵7, 𝐶7 are extracted from experimental data and modeling.  
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Drude’s model for metals
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